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INTRODUCTION 
The problem of this thesis is to investigate the most 
important work done concerning mesons thus far, and to take 
the scattered bits of information which may be found and 
piece them together so that they will present a clear and 
concise picture of this phase of nuclear physics. 
The methods used are: ( 1) to trace through p.ermdicals 
which contain information on mesons, with particular emphasis 
on the work that has been done most recently, and to use the 
older investigations for background to form a basis for the 
newer work, and (2) to try to analyze these investigations 
so t hat an overall conclusion can be gathered concerning those 
phases which are of most importance. 
I 
I' 
Jl 
1! Proof of the '.ixistence of the Meson 
I· 
1
::: The credit for first realizin& that they were observing a 
Jl I' new particle in cosmic radiation must be given to .A.nde.rson and 
I, Ned.de:rnreyer1 • The first observation of such a particle was an 
accident and not planned. While observing cosmic radiation at 
sea level and at 4300 meters elevation, and making comparisons 
of the phenomena at different elevations, the above-mentioned 
men observed a few particles which could neither be electrons, 
1 protons nor positrons. 
The observations were carried out with a cloud chamber, 
and a trip mechanism which tripped the· camera when an incident 
particle entered the chamber was used to photograph these 
particles. Throughout these experiments the chamber contained 
along its diameter a horizontal 0.35 em. lead plate, and one 
i 
geiger counter was placed above the plate and one below. The :1 
il 
counters were set to count only as coincidence counters, i.e., i! 
I 
when a particle penetrated completely through the system. Such !
1 I 
a system made it possible to have the camera take pictures only )I 
when the incident particle traversed the whole system. 
Upon analyzing the particles completely penetrating the 
system, losses of energies exceeding 1000 !t'Ij;V were observed. 
If these particles were to be considered as electrons many of 
the previous conclusions drawn from experiments, and previous 
c. D. Anderson and S. Neddermeyer, Phys. Rev., 50, 263 
1. 
satisfactory theory would have to be discarded. 
First of all, the particles penetrated much greater thick- ! 
neeses of absorbers than an electron could if it possessed the 
characteristics which had been assig~ed to .it. If electrons 
penetrated such thickness-es of absorbers they would have to 
possess a kinetic energy exceedins 1000 M~, and since their 
kinetic energy is dependent upon velocity, a corresponding 
check could be made by placing a magnetic field across the 
chamber and measuring the radius of curvature of the path of 
the track. Added evidence concerning this great energy could 
be gathered if the ionization loss by the electron while trav-
ersing the absorber were considered. In 1935 H. Bethe and 
w. Heitler2 had put forth a ver7 satisfactory theory concerning ! 
I 
energy losses of an electron while traveling through an absorber. 
A basic assumption of this theory is that tbe loss of eneriY 
due to absorption is a function varying inversely with the 
square of the velocity, and if only energies less than approxi- 1 I 
mately 1000 M~ were considered the theory agreed with 
ment ve ry nicely. However, if one insisted that these 
were electrons, the Bethe-Heitler theory would have to 
1 away with. 
exper1- [ 
particles 
be done / 
It should be realized that theory is not be.ing given 
precedence over experiment, but if one assumes that the pene-
trating particles are not electrons and that the theory of 
absorption of photons and electrons remains approximately 
H. Bethe and w. Heitler, Proc. ~oy. Soc., Al~6, 83 (193~) 
2. 
valid up to very high energies, some well-known cosmic-ray 
phenomena, e.g., the production of large electron showers, the 
transition effects, the variation in counting rate of tube 
1 
counters arranged out of line to record showers as a function 
1 of the kind and thickness of material above them, etc., find 
a quantitative explanation in terms of the production of 
photons through radiative impacts, and their absorption through 
pair production.~ If one assumes that the theory of absorption 
of electrons breaks d~wn at high energies to an extent such 
that the penetrating particles referred to above can be inter- 1 
preted as electrons, considerable difficulty is presented. 
The rapid increase in the number of showers with increasins 
altitude indicates that the photons and electrons producing 
showers are highly absorbable and have a high· probability of 
secondary electron production. Such a large absorbability of 
electrons and photons is difficult to reconcile with the high 
penetrating character of a large fraction of sea level particles 
if we interpret them as electrons. 
Although we have not as yet shown conclusively that these 
pene~rating particles are not el~ctrons, let us assume that 
I 
l 
such is the case and go on, saying, "If these particles are not \~ 
electrons,maybe they are protons. 11 If we try to identify these I 
I particles as protons we immediately meet insurmountable diffi-
culties. 
The energy loss by ionizing collisions to be expected of 
a proton traversing the earth's atmosphere vertically to sea 
level is only about 2000 ~V, and since the earth's magnetic 
field will not permit the entry at this latitude of protons of 
energy less than 5000 M~, the chance is especially small of 
observing a primary proton sufficiently near the end of its 
range so that it can be readily distinguished from an electron 
when counters are used to select only the nearly vertical 
tracks, as is normally done. Anderson and Neddermeyerl per-
formed such an experiment and placed a 0.35 em. lead plate 
across the chamber at 45° with the vertical, and with two 
counters 9laced above and to one side of the chamber eo as to 
permit entry of particles up to 70° with the vertical, which 
particles could have traversed up to three times the vertical 
thickness of the atmosphere; and other photographs in which a 
meter of lead was placed above the counters for particles to 
traverse before entering ~he chambe r. In no case was there 
revealed a track which could possibly be ascribed to primary 
protons near the ends of their ranges. 
In such an experiment the angle of incidence of the pene-
trating pa rticle can be determined from the geometry of the 
system, e.nd most of these highly penetra ting particles arrive 
I 
from a nearly horizontal angle, whereas electrons almost always 11 
come in at a vertical angle. Such an observation would lead 
one to believe that these particles arise from nucleardisinte-
grations. 
If the angle of incidence is known, one can easily measure 
the· radius of curvature of the particle under a magnetic 
field. Since in most cases the picture is taken after the 
expansion of the chamber,and accompanying tracks of identi-
fiable particles agree with previous experiment and theory, we 
may assume that the curvature of the track in question is re-
liable up to the limits of experimental error. The direction 
of curvature determines the sense of charge, and in performing 
such an experimentl Anderson and Neddermeyer found 33 tracks 
representing positively charged particles, and 5 representing 
negative particles. They thought the negative particles might 
1 
be positive part.icles deflected backwards, but as will later be · 
shown, such negative particles are not only a possibility, but 
actually exist. 
In a later experiment3 the same authors found both pene-
trating and non-penetrating particles in a range extending 
below 500 MEV where it was known that the Bethe-Heitler theory 
held true, and the penetrating particles in this range did not 
ionize perceptibly mo·re than the non-penetrating particles and 
therefore could not be assumed to be of protonic mass. The 
lowest Hr value among the penetrating group was ~.5~105 gauss 
, em. A proton of this curvature would ionize at least 25 times 
1 as ::. strongly as a fast electron. 
The non-penet:r:-ating particles were easily identified as 
positive or negative electrons, but the identifying of the 
penetrating particles was still a problem. If we still wish to 
I· 3 c. D. Anderson and s. Neddermeyer, Phys. ftev., 51, 884 (1937) 
s. 
conclude that these particles are electrons, we must assign 
some property to the particle aside from its mass and charge 
which will account for the absence of numerous large radiative 
losses in a heavy element. However, if we will admit the 
existence of a particle of unit char$e, but of mass intermediate 
between an electron and a proton, the ionization and nonexist-
ence of radiation lossers would be explained. 
In reexamining tracks taken during their previous experi-
mentl, Anderson and Neddermeyer noticed some very strong 
ionizing tracks which could not be explained unles s a particle 
of greater e/m value than a proton existed. The large value of I 
e/m apparently was not due to a charge greater than the elec-
tronic charge, since above the plate the particle ionized im-
perceptibly differently from a fast electron, whereas below the -
plate its ionization definitely exceeded that of an electron of l 
I 
the same curvature in the magnetic field; the effects, however, 
are understandable on the assumption that the mass of the par-
ticle is greater than that of a free electron. 
I 
I 
Further evidence of an intermediate particle was uncovered ! 
by Ruhlig and Crane4. While making observations on the stopping 
I 
power of lead for recoil electrons a track was observed whose 
dense ionization was suggestive of a proton or an alpha particle, 
but its radius of curvature was only 9 em. in a 285 gauss field. 
The radius of curvature of a proton of range equal to the 
visible length of this track is about 65 em. and for an alpha 
4.A.. J. :ftuhligandH. l't. Crane, Phy. ~ev., 53; 266 (1938) 
6. 
. !. 
particle about 130 em. A measurement of the rate of change of 
radius of curvature gives 0.6 ~ 0.2 em/em. This value, together 
with the radius of curvature, gives a unique solution for the 
mass of the particle, provided it is singly charged. A mass of 
120 ~ 30 me was determined from this experiment. In a similar 
experiment Street and Stevenson5 observed tracks with an ioni-
zation density 3 to 7 times as great as usual electron or proton 
I' 
tracks, and one curved so as to have a positive sign had anHr 
I 
value of 2x106 gauss em. while a negative one had anHr value of 
I 
9.6xlo6 gauss em. The inaccuracy of mass determination is as I 
great as 30 per cent, but for the observed Hr values a proton 
would have 4.4xl05 EV energy and therefore a range . of only one 
em. in lead, whereas the observed particles had ranges of 7 em. 
Nishina, Takeuchi and Ichimiya6 gave further proof of the 
existence of such a particle. It was their conclusion that 
about 20 per cent of the particles with energies great enough 
to penetrate the magnetic field at sea level were electrons or 
I positrons, while the rest were heavy particles since they did 
not produce showers nor suffer much loss of energy in passing 
I 
through a lead bar. Among these latter were some of both signs ' 
I 
I 
which had a much greater penetrating power for lead than protons 
of the same momentum (:Hr) value. The specific ionization was I, 
much less than protons of this Hr value .would be. Because of 
experimental errors they limit the accuracy of their mass 
determinations to between 1/7 and 1/10 of that of a proton. 
5 J. 
6 Y. 
c. Street and E. c. Stevenson, Phys. Rev., 52, 1003 (1937) I 
Nishina, M. Takeuchi, and T. Ichimiya, Phys. Rev., 52,1198 
(1937) I' 
I 
I 
7 . 
~xperiments by Williams and Pickup7 agree in the most part 
with the above-mentioned experiments getting a less radius of 
curvature and greater range than would be po s sible for the 
II 
same Hr values if the particle s were protons. However, for the 
first time we begin to see a semi-continuous range of values of 
mass accompanying the dual nature of the sense of charge. 
It would seem within reason to suppose that we are dealing 
with some new particle, since this highly penetrati ng particle 
pos sesses a different mass than either a proton, e_ectron or 
positron, and itsionization is different from any of the three 
fundamental particles, and with this knowledge of these proper-. 
ties it would be worthwhile to investigate this new particle 
for its more specific and deta i led properties. If this is a 
I 
new particle, its range of energies, mass, lifetime, ionization!, 
momentum and spin shoul d give us conclusive evidence that we 
are dealing with a distinct particle which possesses so many 
unique properties that it can not be one of the three funda-
mental particles. In the nex(f:; sections we shall investigate 
these properties and see that we were justified in assuming a 
new particle, and for c onvenience let us call this particle 
a meson. 
7 ~. J. Williams and E. Pickup, Nature, 141, 685 (1938) 
8. 
Properties of Mesons in Cosmic Radiation 
Mesons have been found occurring naturally only in cosmic 
radiation, and were not · produced artificially until very re-
cently. Since they are formed in the upper atmosphere, the 
only ones we have been able to explore are those which reach 
the surface of the earth. Since our highest mountains are only 
a few thousand meters high, only an investigation of those 
energetic mesons which did not decay prior to reaching the 
earth has been carried out. For this reason we have not, as 
yet, explored the lower energy . limit_mesons. By the same 
token, we may not have witnessed t he behavior of the most 
energetic ones. 
Perhaps the property which has received most attention, 
and about which we know the most, is the mass of the meson. It 
is becoming increasingly evident that, as was first postula ted, 
the meson is not a particle with a discrete mass, and that 
this mass ranges from that of an ele ctron to that of a 
proton. With the exception that we are now able to reach 
higher elevations by sending the mechanisms aloft in pressure 
cabined planes, rockets and balloons, very little has changed 
in the methods of determining the mass o f the meson. It con-
sists in principle of those methods initiated by al l the 
authors mentioned in the first section of this paper. As late . 
as January, 1949, Brode8 made the statement, "The only method 
at present available to measure the charge depends on the 
8 R. B. Brode, Rev. :Mod. Phys., 21, 37 ( 1949) 
9. 
ionization per em. of path". Since the mass of the meson can 
qnly be observed by phenomena that give the ratio of the mass 
to charge, our experimental method is limited to the magnetic 
field method mentioned in the previous section. It is possibl 
to measure the mass to a certain degree by conservation of mas 
in decay phenomena, but such calculations are more inaccurate 
than the previously mentioned method. 
Because this method is an old one used in investigating 
electrons, protons and all charged particles, i ·t will not be 
discussed unless important refinements make it worthwhile. 
It is of interest to note the formula given by Bohr for 
the rate of loss of energy per em. of path for low velocities 
and by Eethe and Heitler for relativistic velocities.9 
Notice that the rate of loss of energy is a function of 
the material through which the particle passes and of the 
velocity (Q = v/c) of the ionizing particle, but it is not a 
function of the mass of the ionizing particle. The quantity, 
m, in the above formula is the mass of the electron ejected 
from the atom and not the mass of the ionizing partic~e. The 
rate of loss of energy per em. of path is directly proportiona 
to the ionization per em. of path. This funct~on has a minimum 
J.. 
for the value l/(l-Q2 ) 2 of about 3.5, that is, where the 
relativistic mass of the particle is 3.5 times the rest mass. 
9 J. A. Wheeler and~. Ladenburg, Phys. Rev., 60, 754 (1941) 
10. 
The energy is then 2.5 times the equivalent energy of the 
rest mass.8 
For electrons this corresponds to energies of about 1.5 
M~V, and for protons about 3000 M~. For mesons of mass 
200 m9 , this corresponds to about 300 M~. Protons of 3000 
MEV are not conveniently available, and hence electrons have 
been used as the compa~ison particle.8 
~ecent observations by R. H.FrostlO placed the minimum 
specific ionization for electrons in hydrogen at 6.-48 ! 0.34, 
and for electrons in helium a.l3 + 0.51 ion pairs per em. of 
track at .N.T.P. In argon the minimum ionization was found to 
be 53.1 .:!. 2.8. Similar observations of mesons give corres- !i 
ponding values of 6.78, 8.20 and 55 respectively. Since the )I 
ionization is proportional to the square of the charge, (Ze) 2 , j1 
the square root of the ratio of the minimum value for mesons t 4 
that for electrons gives the effective value of the charge I 
carried by the meson. Carrying out the calculation we get the 
values: hydrogen 1.02 .:!. 0.03, hel;tum 1.005 .:!. 0.02, argon 
1.017 ~ 0.03. Hazenn performed similar experiments in air and 
got values ~2 -t 2 for electrons and 45 .:!. 3 for mesons. This 
gives a value of 1.04 .:!. 0.04 for the probable value of charge. 
~11 these observations indicate that within the accuracy of 
1 experiments, that is, to about 2 percent, the charge on the 
meson is identical with that of an electron.8 . 
As has been stated previously, the basis for determining 
10 :rt. H. Frost, Ph.D. Thesis,University of California, Berkley 
(1947) 
ll 
Hazen, Phys. Rev., 67, 269 (1945) w. i:. 
:I 
Ji~======~~~================~ 
the mass is knowing e/m. However, it was an oversimpli:fJ:ca:t ;ionl 
to make the determination of mass as it was presented prev- lj 
iously. Ordinary magnetic field experiments do not afford the 1: 
best method of determining mass for two reasons: (1) it is 
extremely difficult to catch the meson at the best time near 
the end of its range to measure the momentum, and (2) because 
almost all research has been done with cosmic rays, and it 
takes a great deal of time to get enough observations to give 
conclusive evidence under these conditions. 
Additional measurements:. relating mass and velocity are 
required to determine the mass of the ionizing particle. The 
curvature may be found from 
where u0 is the rest mass of the meson, B the magnetic indi-
11 
'I 
cation, and r the radius of curvature. 
ij 
An integration of this II 
equation will give a relationship between the range and energy 1. 
of a particle. In a paper by Wheeler and Ladenburg9 a graph ofl 
range vs energy obtained from the above-mentioned integration Jl 
.I 
is given. An important feature of this paper is that all losses 
:!I of energy are considered as ionization los ses since it is be-
l 
lieved ·that less than one pe r cent of the losses are due to . ~~ 
:adiation with heavy particles even at speeds approaching that ·11 
~f light. Because of this, an integration of this equation 1\ 
giving a relation between range and energy is reliable, and :1 
I 
IL_ 
Wheeler and Ladenburg have graphed results of lead, aluminum, 
air, helium and hydrogen absorbers. In such a method it is 
necessary that Hr >106 gauss em. Corson and Brode12 pub.li.shed 
.a nomograph from known quantities, ionization, range, lir, rate 
I 
of change of Br and mass of ionizing particle. In such a graph 
r and dr/d~ (r is radius of curvature and ~ is range) are 
sufficient to determine the range and so the mass. 
~ = r/~n(dr/d~)~ 
Here the exponent "n" has a value varying from 3.-45 to 
3.70 for l04 4.Hr<l05 and 80<m/m0 <300. Any straight line 
across such a graph will give consistent values for all vari-
ables plotted. iven as early as 1938 consistent and reliable 
results were obtained from this method. 
A similar method using nomographs is presented by 
Hughes1·3, l4 and he also shows that the optimum time to measure 
the mass is when the system is under those1 condi tiona which 
will give a minimum radius . of curvature. He statesl4 that by ' 
increasing the field he is able to get optimum conditions as 
good as those at a fixed optimum radius of curvature. In this 
paper he has taken all of the 50 measurements made up to 
December 1, 19-46 made in such a way that the determinations can 
be considered quantitative measurements of individual mesons 
I, 
and applied his corrections, and his resulta are given in 
Diagram A of the appendix. As can be seen, these masses range I 
I
Ii. ~D. ~. Corson and ~. B. Brode, :Phys. ltev., 53, 773 ( 1938) 
13 D. J. Hughes, Fhys. ~ev., 69, 371 (1946) 
,j 14 D. J. Hughes, Phys. ~ev., 71, 387 ( 1947) 
I! 
13. 
II 
I' 14. 
\' 
.I 
Ji 
all the way from 30 to 1000 me with a mean at about 190 me• 
I 
Since the theme of his paper concerns errors, it seems reason- ,, 
able that an over-emphasis of errors has been made, and the radge 
of actual masses compared to theerrors is greater than he woul~ 
have us believe. 
Diagram B8 in the appendix gives the results · of 
Fretter' s15, :aetallack;.' s and Brode' s 16 work. Fretter gets a 
. I 
mean value of 212 ~ 5 me, while Ptetallack and Brode get values I' 
215 !. 4. The mean of all three groups (weighted logarithmi-
It is to be remembered that this is a cally) is 218 !. 5 me. 
d 
mean of all values found and does not serve as an argument II 
against the ii and u mesons which will be mentioned later. As 11 
Brode8 points out, if the decay of the ii meson into the u meson~? 
takes place with the ejection of a neutrd:no which shares the 
momentum and energy, one cah calculate the mass of the ii 
· I meson. The kinetic energy of the u meson has been observed 
to be about 4 Mi:V. Taking this value of the kinetic energy 
and the mass of the u meson as 215:!. 5 me, the mass of . the ii 
meson is computed. as 283 ot 7. Since Brode's experiments 
were carried out at sea level, the probability of heavy ii 
I· me·sons occurring is slight, and therefore his mean is not 
I . 
!! 
ill affected to any great extent by their presence. 
II As can be seen from the diagrams mentioned above, most of 
\i the mesons are found to have a mass in the area from 100 to 
1
1
J 400 me, but as of late concrete evidence of a concentration of 
I 
If 
jiJ- 5 W. B. 
II 16 J. G. 
I 17 C. M. 
Fretter, Fhys. ~ev., 70, 625 (1946) 
:aetallack and R. E. Brode, to be published 
G. Lattes, G. F. s. Occhialini and C. F. Powell, 
Nature 160, 453, 458 (1947) 
fl 
1\ 
jr 
I mass at approximately 900 me has been found. Louie Leprince-
1 
11 ~nguetl8 found concrete evidence of such a meson in a reaction 
ii in the production of two stare by a n meson, and in one star a 
700 me meson is created. The basis of this statement comes 
from a calculation of the mass of the ejected meson when con-
eidering the conservation of e-nere;y and momentum. It will be 
noticed that Brode8 also found evidence of such a meson, but 
pa_id . lit-tle attention to it as the probability of its occur-
renee was very small. In a previous experiment, the write-up 
of which is not available, ~inguet and Theritierl8 found evi-
dence of a meson with mass 900 ~ 120 me. Ringuet calls this 
heavy meson a~meson, and goes on to say tha t he i s led to 
believe that the range of mass is almost continuous from 200 me 
to the proton mass for the meson mass. I 
With a very few exceptions most of the· observed mesons in ,, 
cosmic rays have been these 200 me mesons, and these have been 
designated as u mesons. From decay in absorbers this u meson 
appears to come from a heavier meson called the 11 meson which j 
II 
has previously been mentioned in Brode's8 article. occhialint1[ 
calculates the ratio of ii/u for mass ratio from methods of J 
grain counting and gets a value of 1.65 ~ 0.11. Lattimore20 a l~ 
has measured the mass of these incident mesons and calculates 
mean mass of 290 ~ 80 me. In reexamining this experiment21 
~owell and Occhialini arrive at a new value of the rr meson as 
330 ~ 30 me. 
II l8 Louis Le rince-1lin uet ~ev. Mod. Fh s. -42 ( 1949 
~~ Lattes, C.M.G., Occhialini, G.~.s., and Powell, C.F., Proc. 
, Fhys. Soc. Lend., 61, 178-83 (Aug., 1948) 
I
I 20Lattimure, s. ,Nature, Lond., 161, 518-19 {April 13, 1948) 
21 Occhialini, F.P.s. and Powell, C.F., Nature, Lond. 161, 
f
1 
551-2 (April 10, 1948) 
15. 
II il 
==--==-c-1 
I 
• 
II 
'I 
II 
II 
: ~,, 
· II 
II 
I 
il 
16. 
I =-~===-~1=====~ ~~-
II 
Powell and his associates22, by using the method of grain I 
counting get concrete evidence of a n meson. This method 
allows them, in principle, to determine the mass of a particle 
which comes to the end of its range in an emulsion, provided 
they are correct in assuming the charge is e. Since we have 
seen this to be true, the basis of their method is sound. The 
"grain density'' is defined as the number of grains per unit 
I, 
I 
length of the trajectory. .Before performing the actual experi-1 
ment the range-energy curve for the emulsion is determined, an~ 
then observations on the tracks of fast protons are made to 
dete-rmine a calibration curve . showing the relation between the 
grain density in a track and the rate of loss of energy of the 
,, 
particle producing it. With this 
tion of grains along the track of 
curve, the observed distribu-~: 
a meson allows them to deduce, 
the total loss of energy of the particle in the emulsion. The 
energy taken in conjunction with the observed range of the 
particle then gives a measure of the mass. The errors in this 
method have proven to be no greater than those in previously 
mentioned methods. 
In the experiment mentioned above22, most interesting to 
us is the interaction of a 200 me meson at the end of its 
track. Sixty-five such cases were observed, and of these, 
forty showed no evidenc.e for the production of a secondary 
particle. Of the remaining twenty-five, fifteen produced dis-
integrations with the emission of two or mor~ heavy particles, 
22 Lattes, Muirhead, Occhialini and Powell, Nature, Lond., 
159, 694-698 (May 24, 1947) 
and all of the remaining ten gave off a single secondary 
particle. Of these latter events, the secondary particle was 
1 
in four cases a hydrogen or heavy nucleus, in four other cases 11 
the identification was uncertain, and in two cases it was a 
meson. From grain countin& the mass of this secondary particle 
I 
was calculated as 330 ~ 50 .me• It is interesting to note that I· 
I 
this group of men22 speak of a meson as any particle in 
radiation with a mass lying b.etween that of an electron 
cosmic I 
and that 
of a proton. 
The above-mentioned case is one of the few yet found 
where a n meson is actually observed. The n meson was at 
1, 
I 
II 
II 
I' first simply a theoretical particle which had been invented 11 
to take up the alack in some theories which had been presented. ! 
Then it was found that when mesons were given off from collisions 
in emulsions, a u meson was a product of these collisions. Oth'er 
particles given off could also be determined, but the incident 
particle could not be identified. Ordinary conservation of 
energy and momentum calculations showed this particle to have 
a mass of approximately 310 me and it was named the n meson. 
We have now seen that the mass of the meson ranges from 
the mass of the electron to the mass of the proton. .A.lso,the 
mean of all the mass determinations is about 200 me, and that 
both experiment and theory point to a mass concentration at 
about 300 me• Last of all, there seems to be a stable meson 
at about 700 m~ - 900 me, but the probable error is as yet so 
17. 
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great that a more accurate measurement has not been made. 
These three mesons have been given the names u (200 me), 
ii ( 300 me) and 'Y (700 - 900 me) respectively. 
Other properties of interest to us are the li f etime, 
cross section, spin and energy of the meson. To investigate It 
II these properties, we must investigate the disintegr ation of 
II 
before taking up this phenomena we must ad- :1 the meson. .i:ven 
mit that for the most part what is known of meson disintegratiof 
is high~y hypothetical, and little has oeen proved experi-
mentally. ~easons for this are numerous, but the most important 
r 
is that the only me son we have been able to investi gate in 
large numbers is the u meson because, for the most part, the 
others disintegrate before reaching us. 
In this paper we will try to use as little theory as 
possible and take, for the most part, experimental evidence. 
The disintegration of a meson seems to be dependent upon 
the absorber. Nereson23 has performed a very satisfactory 
.experiment and gets good agreement with those who did similar 
experiments before him. The main object is to find the ratio 
ofnegative to positive mesons decaying in different absorbers, 
and the results of his e~periment are given in Figure 1 on the 
following page. The anti-coincidence figures are chosen for 
conclusions since they indicate the excess of positive mesons 
stopped in the absorber producing decay electrons, and the anti-
11 
coincidence circuit is less affected by scattering phenomena. II 
II 
,I 
'i 23 Nereson, Phys. ltev., 73, 565 (19-47) 
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Figure 1 
.Absorber Meson Coin. Counts Ratio .Anti Coin. Ratio 
Material Sign per Hr. pos./neg. Counts/Hr. pos./neg. 
Boron Positive 46.7 ± 0.4 1 .. 10..!. 0.01 18.5 + 0. 2 1.10..!. 0.02 
Negative 42.5 ± 0.4 15.5 ± 0.2 
Carbon Positive 47.5 ± 0.4 1.10 ± 0.01 19.0..!. 0.2 1.16 ± 0.02 
Negative 42.6..!. 0.4 16.4 ± 0.2 
.Aluminum Positive 45.2..!. 0.4 1.10 !:. 0.01 20.1!:. 0.3 1.17 !:. 0.03 
Negative 41.0 .! 0.4 17.2 + 0.3 
Iron Positive 47.6 + 0.5 1.09 !:. 0.02 19.7!:. 0.3 1.18!:. 0.03 
Negative 43.5!:. 0.5 16.7!:. 0.3 
None Positive 47.0 !:. 0.4 1.11 !:. 0.01 16.7 ± 0.3 1.18 ± 0.03 
Negative 42.5.! 0.4 14.2 .! 0.3 
From the.sedata we see that t here is a positive meson excess of 
between 16 and 19 pe r cent. In doing the experiment it was 
noticed that the delayed counting rate from negative mesons is 
the same as the background rate; this indicates that no nega-
t~ve mesons, or very few, exist longer than 23 microseconds 
after being stopped in the iron, and that the probability ··. for 
capture greatly exceeds the probability of the normal positive 
decay. 
Convers124 worked on this problem of the capture or decay 
of mesons and tried to get a rat io of the number of positive 
to negative mesons decaying into an electron plus some other 
2.9 • 
particle. In iron it was found that the disintegration electro1s 
are observed only from positive mesons. This might be expected 
because negative mesons after being slowed down might be able 
to approach the muclei and disappear by nuclear interaction. 
When graphite was used as an absorber it was found that the 
ratio for dissociation was ~lmost one, and this contradicts 
the conclusions just drawn where iron was the absorber. From 
Convers1's work and those before him, it had been concluded 
that the force between a nucleon and a negative meson was 
quite strong, but this last mentioned investigation and that 
of Nereson23 show a serious disagreement. It was then thought 
that this difference in behavior between iron and graphite 
might be due to the density of the absorbers. Sigurgei~isson: 
investigated this and, using absorbers of low atomic number, 
24 M. Convers·1, ~. Pancini and o. Piccioni, Phys • .l'tev. 71, 209 
25 H. K. Ticho, Pbys. ftev., 74, 1337 (1948) 
(1947) 
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his results indicated that there were. more decay electrons 
emitted for each stopped meson if the meson were brought to 
rest in a material of low atomic number than if it were stopped 
· in some material of high atomic number. The result.s of this 
investigation agree almost exactly with that one carried out 
by Conversi • 24 I! 
In analyzing the above discrepancy two interpretations II 
II 
are possible. The interval between the time when the negative 1 
meson enters the absorber and the time when it stops close to !' 
the nucleus may be compared to the natural mean life; or, the 
probability for capture of a negative meson within the range 
of nuclear forces may be comparable to the probability of 
spontaneous disintegration. It had been shown that both in 
conductors and insulators a meson of 2000 ~V loses the remain-
der of its kinetic energy and drops into a mesonic K-shell 
within 10 ~l~ seconds. This time is negligible in comparison 1, 
to the mean life of the meson and therefore the first inter-
pretation must be cast aside. There is neither experimental 
nor theoretical evidence for the second interpretation. 
Ticho25 carried out experiments to investigate the disin-
tegration of the negative meson to establish conclusively the 
existence of a change in their mean life and to examine the 
dependence of this change of the mean life upon the atomic 
I number Z of the absorber. 
1L th1s experiment the mean life of positive and negative 
I 
I 
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mesons was investi~ated in water, sodium fluoride, magnesium 
and sulfur. The mean life data of positive mesons from all 
the materials investigated combined yield 1:'-t '= 2.11 -t 0.10 
microseconds, which is, as Ticho states, in good agreement 
with the best value reported by Nereson and ~oss1, namely, 
2.15 ~ 0.07 microseconds. A table given below shows the mean 
lifetime of mesons in different absorbers. 
Absorber Nesative Meson Mean Life 
~0 1.89 .!. 0.15 X lo-6sec 
NaF 1.28 .!. 0.12 X lo-6 sec 
Mg 0.96.!, 0.06 X lo-6 sec 
Al o. 75 .! 0.07 x 1o-6 sec 
s 0.54.! 0.66 x 1o-6 sec 
.· . 
The capture probability for the positive mes9ns, using 
~~ = 2.15.!. 0.07 microseconds throughout, ranged from 
0.65 ~ 0.4 x lo-5sec for water to 13.9 .!. 3.3 x lo-5sec for 
sulfur. A plot of the logarithm of the probability of capture 
against atomic number gives a linear curve with these coordinates 
showing the exponential dependence of capture on atomic number 
1
' 
of absorber. If an equation for this curve is established, the l) 
probability of absorption varies as the fourth power of the 'I 
I 
atomic number of the absorber. The conclusions drawn from this \' 
I. experiment seem to be the most conclus.ive and well founded of ,, 
I .. a,n y · whose accounts have been published to this date. With 
II 
l 
i\ 
I, 
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this investigation in mind we can now have some understanding 
why the ratio of disintegration electrons from positive and nega ~ 
tive electrons is not unity. Why these facts which we found to 
be true are true is still a mystery. One thing we can say is 
that something enters into the argument besides the fact that 
there is a coulomb force between the absorber nucleus and the 
negative meson penetrating the absorber. As yet no satisfactory 
theory can even approach the solution to this question, but new 
experimental evidence should give clues to the solution. 
23. 
Let us now investigate the decay products which come from the 
meson if it dissociates and is not absorbed. An electron has be~n 
noted coming from the end points of meson tracks and by calculat 
ing the ionization, radius of curvature and grain density of the 
electron track, its energy, momentum and mass can be dete.rmined. 
If energy is conserved, the mass, energy and charge of other 
disintegration particles may be determined. 
Anderson26, while working with a cloud chamber in a B-29 at 
9,200 meters, obtained a photograph in which a meson of positive 
charge was observed to come to r est at the end of its path and 
produce a lightly ionizing particle of positive charge. If ener~ 
was to be conserved and an electron was one of the end products, 
the other particle had been given the name neutrino since its 
non-existent mass made it impossible to associate it with any 
other particle. The loss in mass was assumed to be absorbed in 
the added kinetic energy of the cast-off electron or neutrino 
(photon). 
26 c. D. Anderson, ft. v. Adams, P. E. Lloyd, and ~- D. ~u, 
Phys. ~ev., 72, 724 (1948) 
jl 
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In Anderson's expe riment the Hr value corresponded to 
an energy of 24 ~ if the particle was assumed to be a posi-
tron. An upper limit of 25 me was placed upon this particle 
by its Hr value and its low ionization, so it seems within 
il 
reason to assume that our assumption of a positron is reliable +, 
Anderson points out tha~ it had usually been assumed that the 
meson disintegrates into an electron and a neutrino, and that 
this has been compared to ordinary beta disintegration, but 
one difference should be noted. In the case of ordinary beta , 
disintegration, for a given available disintegration energy, 
the electron may be emitted with any energy between zero and 
the available disintegration energy. Charge and spin are 
conserved. Conserv~tion of energy and momentum are satisfied 
because a daughter nucleus is always present to absorb the 
recoil and thus balance the momenta of the electron and 
neutrino. In the case of meson disintegration, however, the 
assumption has usually been made that the meson disappears 
entirely and so, for a given available disintegration energy, 
the disintegration electron could appear only with a unique 
energy, on the assumption that only one other known particle 
(neutrino or photon) is emitted. ThUs in the case mentioned 
above, the assumption that an electron and a neutrino were pro-
duced would require that the mass of the meson lie between the ' 
limits 90 and 110 me• If it were not for the fact that the 
incoming meson was positive one might assume that a recoil 
_jl 
============================================================~======= 
I 
I 
ll 
I 
,, 
I 
I 
I 
. I 
I 
I 
I 
I 
l! 
I 
I 
I 
I 
;I 
action by the nucleus of the absorber took up some of this 
lost energy, but since it is positive this possibility must 
be ruled out. 
If we insist upon calling this disintegration particle an 
II 
electron (.,. or -) then we must account for the rest of the li 
energy by saying that if only one other particle is given off 
it must have a mass of about 140 me and a kinetic energy of 
about 4 M~. However, if we consider the incoming meson as 
being one of approximately 300 me and that the electron is 
given off plus some other particle, this third particle would 
have as mass an energy analogous to that of the u meson. 
Charge must be conserved in such a reaction, and even though 
the mass of this thi'rd particle corresponds to that of a 
meson, its neutral charge finds no correspondence with any 
I 
previous meson properties. The possibility of a neutral me son ~~ 
is not ruled out, but concrete experimental evidence of its 
Ill It should be remem-
11 
existence has not as yet been presented. 
bered that here it was assumed that the meson broke up into 
only two particles, whereas it may have broken up into many. 
In another experiment 27 Anderson followed the same pro-
cedure at 30,000 feet elevation, and made 9,000 exposures to 
investigate disintegration phenomena. 
/I 
II 
I 
I 
1: 
Many of the tracks were 'I 
1: obscured by collisions and gases, and the magnetic field in 
the chamber was not steady enough so that the radius of curva-
ture would enable a precise deter~ihatLbn:·: of the mass 
27 c. D. 
ft. c. 
I Anderson, lt. V. Adams, 'P. 
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the particle in question. However, some tracks were good 
enough so that an upper and lower limit could be placed upon 
the incoming particle, and this allowed him to set aside the 
I 
possibility that this incoming particle was an eleqtron or !I 
!I proton, and so he called it a meson. A positron was identified 
lj 
as one of the disintegration particle-s, and a mass corres- il 
pending to that of a meson was calculated for the mass of the 1! 
other disintegration particle. Again .this particle did not have 
!' 
a charge and consequently Anderson postulates that the positive 
meson breaks up into a neutral meson plus a positron. The 
kinetic energy of the positron was calculated as a unique 
value of 25 MiN. 
~ettalack28 performed a similar experiment and obtained 
tracks of 27 negative mesons. If he assumed the same assump-
tiona as An~erson, he would obtain 50 ~Vas the most probabae l 
energy for the disintegration electron. A similar study by :! 
Hershkowitz reveals a disintegration electron possessing I 
II energies of 13, 18 and 50 M~V. 
Klein 29 applies theory to these experiments and tells us 
I 
I 
that the best 
I' 
explanation of this process is the ordinary beta 11 
value of lifetime, 1:':: 2 x 10-6 sec, and availab:Ire decay where a 
I 
i 
energy 100 ~V, which agree with most all experiments, are ve~ 
important. The beta decay seems to be the only assumption 
which satisfies the wide range of energies found for the 
decay electrons. According to this investigation, the decay 
28J. G. ltetallack, Phys. Rev., 73, 921 (1948) 
29o. Klein, Nature, 161, 897 (June 5, 1948) 
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of a charged meson is a true beta process, giving rise to a 
neutral meson, an electron and a neutrino. 
Further evidence is given for Klein's deductions in a more 
recent study by Steinburger3°. He lists the energies calcul-
ated from the decay process of the u. meson, which we have been !l 
I 
discussing, and the energies of decay electrons for . thirteen !1 
cases range from 15 ~ 3 MEV to 70 ~ ? MEV. A mean of these 
energies and the average energy of Conversi's decay ~lectrons 
is approximately 45 MllV ~ 20 per cent. A. postulation that· 
' this type disintegration is a two-particle decay requires the 
invention of several new particles, and this is not a very 
good solution. The best conclusion seems to be that the 
I 
meson breaks up into three particles, and that all three are 
of low mass, as for example, an electron and two neutrinos. 
At this time, this seems to be the most suitable answer, and 
we shall have to wait for more evidence for further conclusionf . 
It does seem fair to say that an electron or positron is given ll 
. I 
off with a wide range of energies, but that most of these 1 
electrons or positrons possess an energy of approximately 
45 MEV. Although it does not serve as conclusive evidence, 
'I 
II 
II 
II it might ba pointed out that Schwinser, in a lecture at Harvard ,, 
in February, 1949, bases his latest approach to meson theory 
upon the fact that a meson decays into an electron (positive 
or negative), plus a neutrino (positive) and an anti-neutrino, 
L d said, "We now know that the meson decays into a neutrino, 
- ===tl:ll-- 30J. 
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Steinberger, Phys. Rev., 75, 1136 (1949) 
/I 
an anti-neutrino and an electron." He did not give the basis 
for such a statement, however. 
The very small number of cases available for measurement, 
and the difficulty in making precise energy measurements, has 
made it impossible so far to distinguish between a continuous 
spectrum of energies and two or three discrete energies for 
the decay particles. Consequently, the basic nature of the 
spectrum has not been established. 
31 Leighton, Anderson and A. J. Seriff have investigated 
the tracks of 75 me sons obta. i ned in a cloud chamber at sea 
level, and their results show a wide range of values for the 
energy of decay particles. The preqision of the measurements 
and the number of cases provide strong evidence · for a continu-
ous decay spectrum, and yield some information as to its 
shape. 
Following is a table showing the results of the 
investigation: 
Siga of 
't 
't 
.. 
.. 
Energies of decay electrons. List 
of observed decay electrons arranged 
in order of increasing energy. The 
sign of charge is indicated, and the 
region of the chamber in which the 
decay occurred. 
Charse Material merg.y in MEV 
Carbon 9.0 .. 2.0 
Carbon 11.0 ; 1.5 
Carbon 11.8 .. 0.5 
Carbon 12.5 !. 2.0 
Argon gas 13.0 .. 1.0 
:Bakelite 16.0 !. 3.0 
~. B. Leighton, c. D. Anderson and A. J. Seriff, 
75, 1432 (1949) phys. ltev. 
28. 
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Sign of Charge :Material i:nergy in UV 
.. Carbon 17.0 't 1.0 
Carbon 18.0 :.- 1.0 
.. Copper 18.0 :.- 1.0 
Carbon 19.0 .. 1.0 
Carbon 20.5 + 1.0 
-/ Copper 21.0 :t 2.o· 
Balreli te 21.5 .. 0.5 
+ Bakelite 22.0 + 1.0 
Bakelite 22.5.:!. 2.0 
't Copper 23.0 .. 5.0 
.. Bakelite 24.0 ; 2.0 
.. Carbon 25.5 .. 2.o· 
't Bakelite 27.0.:!. 2.0 
't Glass 27.5.:!. 1.5 
Carbon 27.5 .. 1.5 
+ Glass 28.0 :.- 3.0 
Copper 28.5 :!. 3.5 
Carbon 29.0 +1.0 
.. Carbon 29.0 ; 2.0 
't Carbon 29.0 i 6.0 
Brass 30.0 .:!. 1.0 
Bakelite 30.0 !. 1.0 
't Carbon 30.5 .. 1.5 
.. Copper 31.0 i 4.0 
Bakelite 31.5 .. 2.0 
.. Carbon 32.5 .. 1.5 
+ Copper 32.5 :!. 1.5 
.. Copper 33.0 .. 3.0 
.. Carbon 34.0 ; 2.0 
.. Carbon 35.0 .:!. 1. 5 
Carbon 35.0 + 3.0 
Carbon 36.0 ; 2.0 
Carbon 36.0 :.- 2.0 
.. Carbon 36.5 !. 2.0 
.. Carbon 37.0 .. 1.5 
Carbon 37 .o :.- 4.0 
Copper 38.o . .. 5.0 
Copper 38.5 ; 3.0 
.. Glass 38.5 ; 5.0 
.. Glass 38.5 .. 5.0 
.. Carbon 39 .o .. 2.0 
.. Copper 39.0 :! 4.0 
Glass 39.0 .. 4.0 
Carbon ·40.0 .. 2.0 
.. Copper 40.0 :; 2.0 
+ Carbon 40.0 :; 2.0 
Carbon 40.0 :; 4.0 
·- Glass 41.0 .. 1.5 
Sign of Charge 
.. 
.. 
.. 
.. 
.. 
Material 
Carbon 
Carbon 
Carbon 
Carbon 
Carbon 
Bakelite 
Carbon 
Carbon 
Carbon 
Carbon 
Carbon 
Bakelite 
Carbon 
Carbon 
Carbon 
Carbon 
Glass 
Copper 
Carbon 
Bakelite 
Bakelite 
~nergy in MEV 
41.0 
.1 1.5 41.0 :!. 2.0 42.0 ., 3.0 
43.0 :!. 2.0 43.0 :!. 3.0 43.0 .. 4.0 
43.0 :;- 4.0 
43.5 :;- 2.0 
44.0 :;- 1. 5 
45.5 :!. 1.0 
45.5 :!. 3.0 46.5 :!. 3.0 46.5 :!. 3.0 47.0 .. 2.0 
48.5 :!. 2.5 51.5 :!. 2.0 52.0 :!. 2.0 52.0 :!. 4.0 52.5 
.1 2.0 53.0 :!. 2.0 54.9 
.:!. 1.0 
Looking at the table we notice that in the case of mesons 
which decay in carbon and Bakelite, positive and negative 
electrons occur in almost equal numbers,while positive electrons 
predominate when the meson decays in copper. The average 
energy of a ll the decay electrons is 34 M~V. 
In Diagram C of the appendix is shown the differential 
energy spectrum where each point represents the observed num-
ber of electrons per energy level of 10 ~EV . Points corres-
ponding to two sets of overlapping energy levels, displaced 
from one another by 5 MEV, are plotted. 
Comparing the energy spectrum of meson decay electrons 
with the distribution found in the case of nuclear beta decay, 
we see that in the case of meson decay the most probable 
30. 
electron energy is about 40 M~, which corresponds to about 
three-fourths of the observed maximum energy, whereas the most 
probable energy in the case of nuclear beta decay i .~a usually 
about equal to, or even less than, one-half of the maximum 
energy. The relatively large number of cases observed in the 
vicinity of the upper energy limit, however, indicates that the 
energy spectrum of meson decay electrons falls to zero at the 
upper energy limit more abruptly than does the spectrum of 
nuclear beta particles. I .t might be mentioned that the mass 
values here are consistent with a unique mass of about 220 me. 
If we take this decay particle to be an electron, as ~e 
have been doing, conservation of momentum and energy should 
give us a hint as to what the rest of the decay particles con-
sist of. The mass of the particle which we choose to call an 
electron was not determined accurately, but an upper limit of 
the mass was calculated and such an assumpt.ion as has been made 
here seems justified. If dissociation of the meson (220 me) 
into an electron and a neutrino is considered it becomes evident 
that the energy of the decay electron should be a discrete 
value of approximately 55 MEV. Since this experiment has shown 
this not to be true, a more consistent conclusion is that of a 
decay resulting in the production of an electron and two neutral 
particles of very low mass. 
31 
As Anderson_ states, t'If one excludes the possibility that 
the meson has a variable mass, then, on the basis of conserva-
31. 
tion of energy and momentum, the observed broad energy spectrum 
is inconsistent with any mode of decay which results in the 
production of only two particles of discrete mass, e.g., an 
electron and neutrino, or an electron and a neutral meson. If 
we assume, therefore, that an electron and two neutral particle~ 
are produced, it is possible to compute an upper limit to the 
sum of the masses of the masses of the two neutral particles 
from the observed upper limit of the decay spectrum on the 
basis of the conservation laws. Assuming the mass of the meson 
to be 216 ~ 4 me, and taking the observed upper limit of the 
energies of the decay electrons to be 55 ~ 1 MEV, one finds 
that the data are consistent with the given errors only with 
the emission of particles whose added masses are less than 
30 me. The fact that the production of energetic photons is 
not observed in meson decay leaves open only the possibility 
that the neutral particles are neutrinos or other neutral 
particles of low mass. In terms of generally accepted particle~, 
the simplest decay process is thus one which results in the 
production of an electron and two neutrinos. If the neutral 
particles have a rest mass .· which is · actually zero, then the 
mass of the meson calculated from the upper limit of the 
energy spectrum is equal to 217 ~ 4 me• This agrees very well 
with previous experiment." 
If the decay is one which consists of three particles, 
then each particle should receive an average energy approxi-
32. 
mately equal to one-third of the total available energy, or 
two-thirds of the maximum electron energy. Two-thirds of the 
maximum observed electron energy (55 MEV) is 37 MEV, which is 
satisfactory agreement with the observed value of 34 MEV for 
the average decay electron energy. A four particle decay now 
seems unlikely because it would mean a most probable energy of 
27.5 MEV, or less, for the decay electron. 
If we accept the conclusion that the decay of the meson 
-t -t 
results in one decay electron and two neutrinos, u--~e- -t2v, 
then, in order that spin may be conserved in the decay, the 
spin assigned to the meson must be half-integral. 
32 
In a very recent article spin is discussed, but the 
article is only a preliminary survey of an investigation which 
will appear at a later date, and therefore the results are 
neither conclusive nor complete. The author :, tries to describe 
the " me s on decay phenomena considering a decay particle of zerc 
mass without introducing any new particle. The spins of the 
mesons are t hen determined by the capture processes of the u-
and n- mesons: (1) P -t u-~N -tv, (2)? -t n-7N.:Alack of 
stars in the u- capture shows that a particle is emitted which 
carries off the energy. Since neither electrons nor gamma rays 
are emitted, this particle must be a neutrino. Since n- cap-
ture does not produce stars, an additional particle cannot be 
, involved in ( 2) .' Therefore, the u has a spin t; while the ii 
has spin zero or one. The n - u decay must be (3) 11 -7U -t v. 
32 ( Phys. ~ev., 75, 1459 1949) 
33. 
These reactions are not independent; (1) is a consequence of 
(2) and ( 3). The u decay takes the form (4) u-+e '+ 2v, and a 
continuous electron spectrum is expected. The preliminary 
results of this investigation agree quite well with recent 
theory and experiment. 
In summing up the work which has been done on mesons in 
connection with cosmic rays, we may note the following things. 
The mass of the meson appears to have an almost continuous rangE 
from 60 me to 1800 me. Bec~use of restraints placed upon us by 
cosmic ray study, an investigation of any degree of accuracy hal 
been carried out only on those mesons of approximately 220 me 
which have been named u mesons. Conservation of energy in 
meson collisions has demanded another particle of mass 330 me 
which has been called a n meson, and which has been observed in 
a few instances possessing either a positive or negative charge 
A ii meson of neutraLchargeHas been predicted for the same rea-
sons that a n meson was first predicted, but as yet no experi-
mental proof has been offered. From u meson decay it appears 
quite probable that an electron is a decay product, and that it 
has a continuous energy spectra up to 55 ~' and the spectra 
is concentrated at the upper end of the curve. What the other 
decay products are we do not know for sure, but it seems most 
likely that they are particles with a zero mass which have been 
named neutrinos. The lifetime has been determined quite acc-
urately for positive mesons as 2 microseconds, but negative 
34. 
mesons have a lifetime depending upon the atomic number of the 
absorber. The spin has not as yet been determined definitely 
because to determine it would nece ssitate an exact knowledge of 
the decay products, but a spin of 1/2 for the u meson, and 1 
or 0 for the n meson has been predicted. 
35. 
Artificial Production of Mesons 
The artificial production of mesons may well enable future 
investigator s to solve most of the many unanswered questions 
about theory and experi ment which are now before us. As has al 
ready been mentioned, cosmic ray studies have been hampered by 
the fact that those mesons with greatest mass and energy, and 
with shortest lifetime, have disintegrated before t hey reach 
elevations at which investigations can be carried on. With the 
new 5 Bi:V accelerator which is being built at Berkeley, Cali-
fornia, it i s hoped t hat those conditions of high pr essure and 
fields found in the ionosphere, where mesons arecreated, can 
be duplicated. If this is possible the upper limits of meson 
masses and ranges should be reached, and present day theory and 
experiments can be altered and checked with this new informatio 
Even the ordinary 200 me meson found in cosmic rays has been 
difficult to work with because in many cases hundreds of photo-
graphs in cloud chambers have had to be taken to get just two 
or three good meson tracks. With better accelerators there 
should be an abundance of mesons so that good tracks should be 
easier to get and more studies made. A great difficulty in 
the past has been that of maintaining strong and steady magneti 
fields across the cloud chamber at high altitudes in mountains 
or airplanes. This difficulty will be much lessened when good 
36. 
and steady electrical power sources are nearby. Also, the 
bombarding of targets by mesons should enable us to calculate 
their mass, charge, energy and all properties very accurately. 
Mesons were first produced artificially at Berkeley, Calif-
ornia by the 184-in. synchrocyclotron33. A carbon target was 
bombarded by 380 MiV alpha particles, and mesons were detected 
by the tracks in the photographic emulsion. Other targets 
besides carbon were used, and some of the more effective ones 
were berylium, copper and uranium. The production of mesons 
became appreciable when the energy of the alpha particles was 
of the order of 300 ~. and the yield rose rapidly with in-
creasing energy. By observing the deflection of the mesons in 
the field of the cyclotron magnet, it was possible to determine 
the sign of the electric charge and the value of Hr of the in-
dividual particles. The momentum can be determined, and its 
range in the emulsion can be found whereby the mass of the 
particle determined. . The mean value so obtained was (313 ~ 16 ' 
me. c. M. G. Lattes and ~. Gardner, who performed this experi-
ment, state that in view of the large number of tracks avail-
able for measurement, it will be possible in the near future 
to reduce the errors of the determination to the order of 
~ 2 per cent. All of the mesons investigated for mass at that 
time were negative ones, and a large proportion produced nuclea 
disintegrations with the emission of heavy charged particles. 
The positive particles, at the end of their range, produced 
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33 i. Gardner, c. M. G. Lattes, Science, 107, 270 (March 12, 19 8) 
no nuclear disintegrations, but a large fracti on of them gave 
rise to secondary mesons, and this corresponde~ very well with 
the ii mesons most recently investigated in cosmic rays by 
lowell34 • Preliminary results based upon the time needed for 
the meson to traverse the distance from the targ~t to the end 
of range places a lower limit upon the lifetime of the meson 
as lo-9sec. which is comparable to cosmic ray results. In 
addition to the production of the s e heavier mesons, an indicati~n 
of 200 me mesons was found when a~pha particles of great energy 
were used as bombarding particles. 
The sorting of the negative mesons from the positive is 
accomplished automatically by the field of the cyclotron which 
sorts particles and directs them at the target. There was no 
significant difference between the masses of the star and no 
star particles, and the mean mass of all particles was 316 ~ 
16 me. The mass value found ·would indicate that at least 
160 MEV should be available in the collision to produce these 
.particles, and furthermore it seems likely that this energy 
should be concentrated in a single nucleon-nucleon reaction. 
If there are three velocities to consider: (l) the relative 
velocity of the two nuclei (corresponding to an energy per 
nucleon of 95 M~~ (2) the velocity of a nucleon inside the 
alpha particle (~ax: 25M~) and (3) similar internal energy 
in the carbon nucleus, the most favorable collision these can 
give when added together gives an effective available energy of 
34 Lattes, Muirhead, Occialini and Powell, Nature, 160, 453 and 
486 (1947) 
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An idea of the great impetus which artificial production of 
mesons can give to meson investigations may be had when we 
realize that the intensities of mesons here were 108 times as 
great as those in cosmic ray studies. 
A note in Science35 tells us, "Negative and positive heavy 
mesons have been observed in the vicinity of the 184-in. 
Berkeley cyclotron. Yields at different bombarding energies 
have been given and mass measurements determined. Most of the 
heavy positive mesons give ri~e to an observable secondary 
meson. Approximately seventy-five per cent of the heavy nega-
tive mesons give rise to stars when they come to rest in the 
emulsion. No secondary mesons are observed to start at points 
in the emulsion where the heavy negative mesons stop." 
In June, 1948 Nereson36 made a study of artificially create 
mesons which disintegrated in ~10 and • 11 • The reason for such 
an experiment was to determine what differences there were in 
the disintegration and capture processes of mesons for two 
isotopes such as these. Also, it was believed that negative 
mesons ought to be absorbed or captured in BlO if mesons inter-
acted only as pairs with the nucleus (theories had been present d 
to this effec~. From the results it was evident that no signif -
cant difference . was present in the delayed or decay electron 
35 Science, 108, 588 (November 26, 1948) 
36 N. G. Nereson, ?hys. ~ev., 74, 509 (1948) 
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counting rate from the two boron absorbers, demonstrating the 
absence of isotopic effects. The E10 data also provided add-
itional evidence that in an element of low atomic number such 
as Boron, the capture probability of either negative or posi-
tive mesons is very small. 
The lifetime of the heavy meson produced in the 184-in. 
cyclotron at Berkeley, California has been investigated by 
J. ~eginald ~chardson37. In his investigation he assumes that 
the loss of negative mesons is due to a w~u decay. An apparat s 
is set up within the dees of the cyclotron so that mesons are 
selected to go into a spiral tube rising one-half inch in half 
a cycle, where they are absorbed by a photographic plate. 
Another selector spirals downward one and,me-half inches in 
one and one-half revolutions where the mesons strike another 
set of photographic plates. The author states that, "The 
ratio of the number of mesons in these two sets of plates when 
corrected for geometry will give the loss of mesons in the 
time corresponding to one revolution in the magnetic field." 
Since the "cyclotron timan is independent of the speed of 
the meson, 360-degree properties mean that in a uniform magneti 
field the geometrical correction is simply a factor of three in 
this case. In this investigation 250 plates were exposed with 
18 plates used per run, and all the plates of a run were 
developed at once and received identical treatment. Only those 
mesons ending in stars were considered, and of these 48 
37 J. ~. ~chardson, Phys. ~ev., 74, 1720 (1948) 
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star-producing mesons were observed in the plates at 540 
degrees whereas the number expected on the basis of geometry 
ratios would be 92 (this 92 being based upon 254 mesons). If 
the mass of the meson is 286 me, the .time of one revolution is 
7.2 x lo-9second. !ichardson concludes that the half life of 
the star-producing mesons for n~u decay is (7.7~~;5 ) x lo-9 
second, and the mean life is (1.11!8:~~) x 10-8 seconds. 
:Positive mesons were first produced by the 184-inch Berkele 
cyclotron in 1948. 38 The detection of positive mesons was made 
possible by placing the photographic plates in a position to 
receive positively charged particles f~om th~ target. As was 
the case with negative mesons, a 380 MEV alpha particle · was 
the bombarding particle and again a carbon target· was used. 
No method for making exposures to positive mesons gave as high 
a ratio of meson tracks to background tracks as that obtained 
in exposures to negative mesons.33 Ey placing a plate at each 
end of the diameter of the dees of the cyclotron, it is 
possible to detect positive and negative mesons at the same 
time, and in both cases there seemed to be two groups of mesons 
having masses of about 300 and 200 me respectively. It was 
assumed that they are the same as the ~ and u mesons, and the 
total number of light and heavy mesons observed was about 200. 
Neither the heavy nor the light positive mesons initiated 
stars, and most of the heavy positive mesons disintegrated to 
give observable secondary mesons. The authors believed that 
38 J. Burfening, E. Gardner and C. M. G. Lattes, ?hys. ~ev., 
75, 382 ( 1949) 
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all the heavy positive mesons gave secondary mesons, but that 
faults of the emulsion prevented their detection. Over a 
specific area 40 positive mesons were detected, as compared 
with 136 negative ones in a similar area. Of the. 40 positive 
mesons, 26 were assumed neavy because of observable secondaries, 
and this 26 should be a minimum because some secondaries could 
have been missed. It was ·also estimated that over 90 per cent 
of the 136 negative mesons were heavy. 
All of the secondaries in the above-mentioned experiment 
had a range which corresponded to a kinetic energy of about 4 
M~. The ratio of negative mesons to heavy is about 4, and thie 
corresponds with the theory which is based upon a coulomb 
interaction. 
A conversion of the 184-inch Berkeley cyclotron has made 
it possible to accelerate protons up to 350 ~V, and tracks 
have been observed which can be identified as those of a meson, 
but at present it has not been determined whether they are » 
or u meson tracks.39 From 100 photographs, seven examples 
were found that were definitely the tracks of mesons of 2 or 
3M~. The radii of curvature dropped to 5 em. whereas a 
proton would not go to less than 9 em., and this radius of 
curvature would correspond to a " meson of 2.3 M~ or a u 
meson of 3.0 MEV. There is also a hint ofa fast meson track 
of 70 ~' but this is only speculation. 
It might be noted that the 130-inch ~ochester cyclotron 
39 w. Hartsou$h, E. Hayward and w. M. ~owell, Phys. ~ev., 75, 
905 (1949) 
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has been able to create mesons by using protons of 240 ~V as 
bombarding particles, and that both positive and negative n 
mesons have been detected, but this work is still in its 
initial stage.40 
In the Boston Herald41 an Associated Freas dispatch reports 
the production of mesons of X-~y beams of 350 MiV energies, 
which they say are five times as powerful as any hitherto 
produced. These x-~ays were used to produce w mesons of both 
negative and·· positive charge which came from an X-P.a.y bombarded 
target. This report was made by Prof. ~dwin M. McMillan, 
inventor of the synchrotron, and Dr. Jack M. Peterson before the 
National Academy of Sciences. 
This marks the first time that mesons have been produced 
by means of the use of pure _radiations from the synchrotvo:c.. 
How much of the following is exactly true is questionable, 
because no physical discussion accompanies the dispatch. How-
ever, the newspaper explanation is that the X-P.a.ys penetrate th 
nuclei of the carbon atoms and strike either protons or neutron ~ . 
When a neutron is hit, the neutron emits a n meson. Since the 
neutron possesses no charge, the emission of the negative 
meson leaves the neutron positively charged and it in turn 
becomes a proton. In a similar manner, if the x-~~y strikes a 
proton, a positive meson is emitted with the proton becoming a 
neutron. This seems to agree quite well with reviews of simi-
lar phenomena written by physicist~ so it seems that the dis-
patch is a creditable one. 
40 s. w. Barnes, A. F. Clark, G. B. Collins, C. L. Oxley, 
~. L. McCreary, J. B. Platt and s. N. Van Voorhees, Phys. 
~ev., 75, 983 (1949) 
41 Boston Sunday Herald, page 46, May 1, 1949 
It is obvious that the investigations carried out with 
artificial ly created· mesons have been much easier to perform, 
/ and indications are that the degree of accura CY is much greate • 
As yet, nothing has been reported which fails to confirm 
experiment which has previously been reported in cosmic ray 
investigations, but as can easily be seen very few investi-
gations have been made. Since the intensity of mesons produce 
in the 184-inch Berkeley synchro-cyclotron was 108 times as 
great as that produced in cosmic radiation (which has been 
observed), we can also see the great future which lies ahead 
where accelerators are concerned with mesons. It should be 
remembe red that both the synchrotrcnand the sy:nchro-cyclotron 
were operated at their highest energy levels to produce the fe 
mesons reported to this time, but that plans have been made 
and finances readied to build two 3 Bi:V accelerators and one 
5 BEV accelerator, and that these in turn should produce 
more of the n mesons with greater ease, and that it is hoped 
that mesons of higher mass and energy will also be created. 
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An Introduction to Meson Theory 
When developing any theory it is best to start with known 
empirical facts. From cosmic ray analysis, reinforced by 
artificially produced meson investigations, we are quite sure 
of t he mass, spin, charge, range and energies involved in 
meson interactions. Also it is desirable to seek an analogy 
between the phenomena which we wish to investigate and some 
other phenomenon which has been investigated and reinforced by 
experiment. 
In probing meson theory an attempt is made to correlate 
the properties of this particle with the nuclear f orces be-
tween protons and neutrons, in the same sense t hat the electro-
magnetic t heory attempts to correlate the properties of 
photons with the properties of the electromagnetic forces be-
twe en electrically charged particles. When carry;1.n ::r, out such 
an analogy , it seems reasonable to compare the action of the 
meson with that of the photon, and in a similar way compare 
the nucleon (proton or neutron) to the electron. The inter-
action of the meson and nucleon should then compare with that 
between the photon and ele ctron. 
In electromagnetic theory Maxwell discovered the dual role 
of the c onstant c in describing the propagation of light and 
determining the magnetic force between two moving charged 
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particles. In this way a correlation was made between the 
properties of electromagnetic radiation {photons) with the 
forces between charged particles which can emit and absorb 
photons. It is highly desirable to put forth such a formu-
lation concerning the properties of mesons and the properties 
of nuclear forces between the nucleons which, it is supposed, 
emit and absorb mesons. A constant comparable to c is sought 
in meson theory, but as yet no quantitative results have been 
found. 
Our analogy is weakened to a certain extent when we com-
pare the forces between nucleons and those between electrons. 
With electrons we know that the Coulomb inverse square law !I ,, 
holds true, and quantum theory of this 
if one thinks of t he first electron as 
phenomenonis understood '11 
emitting a photon which / 
a second electron absorbs, and t he reby is described a force 
between them. This is purely a mathematical pictur e whereby 
the photon is "virtually" emitted, absorbed,or exchanged, and 
is not to be thought of as a photon leaving the electron and 
wandering around through space. If we can describe a similar 
phenomena which accompanies nucleon interactions, we will have 
taken a step in the right direction anyway. A cri t erion for 
distinguishing between actual emission and virtual emission is 
that in the latte:r energy and momentum are conserved, whereas 
in the former such is not the case. If a photon is actually 
emitted, its ·energy i s t he energy taken from the pa rticles in 
46. 
--,I 
the actual collision process. Carrying out t h is analogy, a 
meson should be actua lly emitted when a nucleon collides with 
a nucleon, or a meson is virtual ly emitted when nucleons share 
I! 
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a meson. 
The interaction of electrically charged 
magnetic fields is of prime importance, and 
. ti 
mesons with electrof 
the probability 
that a very energetic meson, as a result of a collision with a 
nucleon , will transfer a given share of its energy to a photon 
in the process is a main feature of this interaction. This 
probability will depend upon the charge of t he meson, and also 
ita spin since spin determines the magnetic moment and quantum 
equation of motion. As will be seen, a spin of zero makes 
formula t ion of theory a bit easier, and so far, expe rimental 
results favor spin zero as much,if not more, than some other 
spin~ If the spin is zero the meson obeys Einstein-Bose 
statistics4-2, and an arbitrary number of mesons can occupy a 
given meson state at a given time. 43 This is in contrast with 
electrons and nucleons, which by Pauli can not occupy the same 
states at the same time. For zero spin the total wave function 1 
is either symmetrical or antisymmetrical, and therefore the 
probability function is invarient under arbitrary t ransforma-
tions in space . t1me (scal ar), or is invarient aside from change 
of sign when the coordinates are mirrored (pseudoscalar). 
The interaction field between nucleons is much greater 
than that between electrons. The magnitude of the force be-
442Bethe, Elementary Nuclear Theory, page ·l7 3Nucleonics, 2,2 (January, 1948) 
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r tween electrons is proportional to e, while the magnitude of 
I Iii the charge between nucleons is g,which can be calculated 
I (g • 5e). 43 This value of the . charge of an electron is used to ll 
I
I! · ·I compute the probability of absorption of a photon as an electroh 
I ~ 
. i approaches an atom, and in a similar way- g should determine the I! 
! probability of a meson as nucleons approach one another. The j 
probability of absorption is approximately equal to that of 
emission for electrons, but our cosmic ray investigation has 
shown that absorption of mesons is dependent upon the fourth 
power of the atomic number of the nucleus. Our analogy is 
disrupted here, and to handle such a situation two mesons of 
different masses are postulated. 
We must now make a choice of coordinates and investigate 
their properties under transformations. Scalars will be un-
changed under all transformations, but if we use scalar 
coordinates we can not make a correspondence between the spin 
of the nucleon that emits the meson and the motion of any 
emitted photon. This is easily seen since spin depends upon 
angular momentum which is a vector quantity. If we choose 
pseudoscalar coordinates there is a correla tion between the 
spin of the nucleon and the gradient of the amplitude of the 
Ji 
I! 
II 
II 
I 
I 
I 
I' 
I 
' 
meson field, and thereby a relation will exist between the spin l 
of the nucleon and the emitted photon. !1 
It is now evident that we must investigate this relation-
ship of the emitted meson and nucleon (emitter) to s ee if spin 
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must be conserved. To do this we must know something of the 
nucleon interactions and their connection to the probability 
amplitude of the meson field~. An interaction g~ is 
II 
possible where g is the coupling cons t ant, or effective nucleonic 
I 
"charges". This follows from the assumption of an equation 
similar to 
for the static part of the electromagnetic field. . II A relativis-
tic equation sui ted for particles of nons pin and a finite rest I' 
1 mass m is the Klein-Gordon equation: 42 11 
II 
I 
V;.zP + (ft-c~ [(E-Vf- (mct)~l/J = 4 7f  
£ =~·~ (~t-·) 
I( I( 
I? 
where]' is proportional to the density of the nucleons. In 
free space, V = 0. For a static meson field, according to 
B, E ~ o. If there is a one point nucleon at the origin, "A" 
II becomes v\v = (mo/Jv) ~ :: 4 1T'f d (!-) c ,, 
I 
where ~represents the .Dirac $;-function, and g is a constant 
replacing 
II c II 
the electronic charge in electrodynamics. 
--mc/V 
<J) ... - (!~) e ~ 
and the potential between two nucleons is 
Solving 
\\ tr 
0 
II . 
jl 
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' This is a scalar meson theory, and the one described by Y'ukawa 
when he tried to explain nuclear beta decay. In such a scalar 
theory only non charged particles can be considered because the !! 
nuclear particle can not change its nature. Recalling that 1 
mesmn interactions are not independent since all cosmic ray II 
mesons were found to be charged, reactions of the following 
, type are a possibility 
P~ N.,. u"' or 
This exemplifies how protons and neutrons can be transformed 
into one another by the emission or absorption of a meson. 
Such reactions may take place only between unlike particles, 
I 
I 
I, 
while the former method can occur only between like particles. I, 
In these latter equations it is seen that charges are exchanged ~ 
II 
and therefore we are led to a force of charge exchange or I! 
Heisenburg type. In such a force if t he potential is a functiof 
of a central force there is no mixing of quantum numbers, but 
: if the potential is a function of a tensor force the quantum 
numbers are mixed. 42 
The explanation of forces between like particles was given 
by developing a symmetric scalar meson theory containing neutral, 
positive, and negative mesons described by three different psi 
functions. Since we know meson forces are spin dependent we 
I 
introduce into the Hamiltonian of nucleon plus meson field an I\ 
ti interaction energy containing the factor u. vl) where (J is th~ 
I' nuclear spin. Under these condi tiona 1j) becomes a pseudoscal_::Ji 
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where u : mc/11 
The term q;; <r;. takes spin dependence·· into consideration, and 
s12 explains the sign and existence of quadruple moment. From 
this equation it can be seen that the potential is undefined 
at very small distances. (Lim r~ 0). The elimination of 
this obstacle is the main feature of present day investigationJ 
The approach to developing the Hamiltonian for almost all 
these methods is the application of the ordinary perturbation 
methods and to omit higher order terms although they may be 
large or even infinite. Because this method is a usual pro-
cedure in quantum electrodynamics where it seems to give 
correct results, the fact that it is only an approximation is 
not of any concern at this time. The type coupling assumed 
between the nucleons will have a direct bearing upon the form 
of the expansion parameter of the perturbation calculations. 
The coupling constant for an electromagnetic field is 
e2/nc = 1/137, a small value, whereas that for the meson 
field is g2/hc ~ 1/4 or 1/3 is considerably larger. 42 Because 
of this large coupling constant it may be thought that the 
I 
jl 
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I! 
I 
condi tions are, in meson theory, more favorable to an expansio:d 
J: 
Jl 
I 
I 
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of falling rather than rising powers of the coupling parameter. 
If the nucleon is assumed to have a small, but non-vanishing 
radius r, the convergence of the strong coupling expansions . 
is improved by choosing smaller values of a; but in the limit 
of a point source, a_.o, the inertia effects of the meson 
field become infinite, and this has prevented a relativistic 
description of nucleons in the strong coupling theories. An 
effort has been made to subtract out these infinities of the 
quantized field theories without violating the relativistic 
requirements, and all such theories are essentially weak 
coupling theories using expansions according to rising powers 
of the interaction parameter. 
These theories, of which there are many at this time, have 
met with some degree of qualitative, but very littl e quantitative 
success. The assumptions are so varied, and the results so 
different, that "meson theory 11 has to be defined if one is to 
know what is being discussed. 
It is hoped that with acceleratovs becoming more and more 
important in meson investigations that expe riment will soon 
give enough new and conclusi~e facts to base new and better 
theories upon. Even when this happens, extensions in relat-
istic quantum mechanical electrodynamics will have to be made 
to handle the mathematical expressions which, it seems, must 
be solved. 
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CONCLUSIONS 
It now seems reasonable to assume that we have been deal-
1 ing with some new particle which possesses different properties 
,I 
·T.rom any particle heretofore investigated. This particle has 
'I 
/ been given the name meson. 
, The properties which distinguish this particle from any 
I other are as follows: 
I ~ 
1. Range: The upper limit of this range has not 
been determined, but t he meson seems to be more 
penetrating than any other particle. 
2. Mass: The mass of the meson ranges from 60 me to 
IB3b me, and the average mass of all mesons tnus 
far investigated is approximately 200 me• This 
figure for the average is a result of the limit-
ations placed upon our observations of mesons in 
cosmic ray analysis. Other stable mesons exist, but 
they occur,for the most part, at very hi.gh altitudes 
and it is very seldom that we are able to detect 
them. However, stable mesons have been detected 
with masses of approximately 330 me and 700-900 me. 
The 200 me particle has been named the Mu meson, 
that of 330 me the Pi meson, and tha t of 700-900 
me the Tau meson. 
3. Charge: The charge of the meson has been dete rmined 
as the same as that of the electron, within two per 
cent. This charge may be either positive or nega-
tive, and theory demands a meson of neutral charge 
although this meson has not been detected experi-
mentally as yet. 
4. Decay: The Mu meson appears to decay into an electron 
and two neutrinos, and the energy 6f this decay 
electron has been observed to range from 10 MEV to 
55 MEV. In t h is meson spectrum the average energy 
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of all decay electrons is 34 MEV, and the most 
probable energy is 40 MEV. From decay investi-
gations the mean life of the meson has been de-
termined as approximately 2 microseconds for the 
positive meson, and the negative meson mean life 
is of this magnitude although it is dependent 
upon the Atomic Number of the absorber. This 
lifetime of the negative meson varies as the 
fourth power of the Atomic Number of the meson. 
In cases where charged particles are concerned, 
spin must be conserved, but as yet only impli-
cations of this fact in connection with mesons 
have been established. Aside from the mass, 
charge and energy of the Pi meson, little has 
been determined. It is known that the Pi meson 
decays into a Mu meson, and that some other parti-
cles are given off, among which are electrons. 
Mesons can be, and have been, produced artificially. Only 
three cases have been reported thus far, but the ease with 
II 
wnich this type investigati on can be carried out is much great-1 
I 
er than that in connection with cosmic ray research. The suppl1y 
I 
of mesons from accelerators is very much larger than that from 1 
cosmic rays, and this, c ombined with the fact that surrounding 
circumstances are very much better, should make for more accu~~ 
ate investigations. Also, the differe ~t types of mesons shoul~l 
be accessible with artificial production. At this time all 11 
evidence gathered from artificially created mesons agrees with ~1 
that found in cosmic ray research. At present accelerators 
with much greater energy capacities are in the making, and 
these should supply us with all the mesons needed for future . 11 
investigations. 
Except for ve ry fundamental features, the theory of mesons , 
is still very loosely put together. No theory has as yet been I 
I 
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published which will give quantitative results agreeing with 
experiment. Up to a certain extent, a successful analogy 
between el~ctromagnetic phenomena and nuclear phenomena may 
be carried out, but this phenomena is limited. In such an 
analogy the meson's characteristics in nuclear phenomena is 
compared with that of the photon in el ectronic phenomena. A 
clear notion of nuclear force fields is not known, and there-
fore we can not carry this analogy clear through the theory. 
In nuclear theory we must take spin into consideration, and 
if we do this we can not use scalar fields. If pseudoscalar 
fields are used, spin can be accounted for, but the expres-
sion for the potential energy contains reciprocal powers which 
lead to singularities. Mixtures of fields, whereby these 
infinities are subtracted out, have been proposed but as yet 
no satisfactory results have been attained. The only other 
solution appears to be that of cutting off the distances, 
but in this case relativistic calculations can not be made. 
An extension in relativistic quantum mechanics will have to 
be made to solve these problems. 
55. 
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ABSTRACT 
An investigation of the detection of mesons and deter-
mination of properties from both cosmic ray and artificially 
produced mesons has been carried out. An introduction - to the 
theory of mesons is also presented. It is hoped that the more 
important parts of the study of mesons which have heretofore 
been scattered about are now pieced together in one study so 
that a comprehensive knowledge of this phase of physics is 
embodied in one paper. 
Mesons were first detected by Carl D. Anderson in 1937. 
II 
!I They were detected in a cloud chamber by noticing their great I. 
I~ 
jl 
penetration in dense absorbers. It was apparent that the 
energy of these particles was great to penetrate such thick-
ne s sea. If one tried to use Be the ' s theory of loss of energy ~~ 
in absorbers on these penetrating particles, it was very !t 
I 
evident that either Bethe's theory was wrong or these particle~ 
were not electrons. Theory can never hold sway over experi-
ment, so investigations were performed to detect t he possible 
energies, masses and charges possessed by these pa rticles. 
By pla cing a photographic emulsion inside the cloud chamber, 
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it was possible to determine the radius of curvature of the 
particle as it traveled through the emulsion. By this method Jl 
it was possible to estimate -the .limits ::of the .mas's.-o.f t his part ~ cle. 
( 
Upon analyzing some of the tracks, it was observed that the 
. 
1
11 
ionization was too great for the particle to be an electron, 
and the radius of curvature was .too small for the particle to 
be an alpha particle or a proton. A measurement of the change 1 
in radius ~f curvature toge ther with the radius of curva ture 
allowed an estimation of the mass. From this, a mass of 120 
!. 30 me was calculated, and this was certainly different than 
any particle -discovered previously. Others made similar in-
vestigations and found correspondmg results which confirm the 
findings and conclusions put forth by Anderson. Because 
the particle's ionization, mass and energy differed from any 
other particle, it is safe to assume that a new particle has 
been discove r ed. The name meson was given to this particle. 
I' 
l1' 
il 
As soon as it was determined that a new particle had been li 
discove red, many physicists started investigations to find the I 
properties of the meson. The property which ha s received the 
most attention, and about which most is known, is the mass. 
The method of finding the radius of curvature of t he particle 
under a magnetic field, and finding the rate of change of 
r adius of curvature to calculate the ~ass of the meson was 
only good enough to determine the mass within wide limits of 
error. To make the dete rmination of mass more accurate, the 
charge of t h e meson was investigated ve~ carefully, and this 
was fol;l.nd to be the same as that on the electron within good 
experimental error. Hughes presented a method of using 
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nomographs which wasrot only more accurate, but convenient, 
and the mass of the meson was determined to be concentrated 
around 200 me • . The mass was found to range from 60 me to 
almost that of the proton. Stable forms of mesons were ob-
served at approximately 330 me and also at 700-900 me· The 
200 fie meson was called a Mu meson, the 330 me a Pi meson, and 
the 700-900 me a Tau meson. Most of the work in conne ction with 
cosmic rays was concerned with Mu mesons since they occur at 
the surface of the earth so much more than the othe r types of 
mesons. It is assumed, with some experimental verification, 
that the heavier mesons travel much faster and have shorter 
lifetimes so that they dissociate before reaching the earth. 
The Mu mesons and Pi mesons were observed to have both posi-
tive and negative charges, and when an investigation of the 
dissociation was made neutral me sons ~ ere predicted but not 
verified by experiment. 
The decay of these Mu mesons was studied, and it was ob-
served that among other particles, electrons were given off. 
The energies of these electrons were probed, and it wa s found 
that they had an energy varying from 10 MEV to 55 MEV. In 
this meson spectra the average energy of the decay ele ctrons 
was 34 MEV, and the most probable energy was 40 MEV. This 
spectrum1dropped off suddenly at the upper end, and indicates 
a concentration of the energy at the upper end. By following 
these mesons through the absorbers, a calculation of their 
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lifetime was. made. A difference in lifetime of the positive 
and negative mesons was predicted when it became noticeable 
that more positive mesons penetrated some absorbers than nega-
11 
tive mesons. Because of this, absorbers with wide ranges of 
atomic numbers were experimented with, and it was found that 
with absorbers of low atomic numbers the ratio of positive to 
negative penetrating mesons was about unity, but a~ the atomic 11 
II 
number was increased, the ratio increased. It was finally J' 
determined that the probability for capture of the negative ,. 
mesons increased as the fourth power of the atomic number of 
the absorber, while for positive mesons it remained about the 
same. The mean life of the negative mesons also varied as the 
fourth power of the atomic number of the absorber. The mean 
life of the positive meson was determined as approximately 2 
microseconds, and although the lifetime of the negative meson 
varied, it was found to be of this magnitude. As has been 
mentioned, one of the decay particles was identified as an 
electron, but nothing has been said of the other particles. 
From c onservation of energy and momentum, a decay into three 
particles of ve ry low mass was predicted, because no observed 
particles aside from the electron were found. If there were 
only one particle its energy would demand too great a mass 
for it to go undetected, and thereforetwo other particles 
were predicted. These were called neutrinos, and they fit 
into the picture very nicely in both theory and experiment. 
Mesons have been produced artificially in a synchro-
cyclotron by bombarding a carbon target with 380 MEV alpha 
particles, and were found to be both Pi and Mu mesons. Both 
types of mesons were observed to carry positive or negative 
charges, and thus far all properties investigated agree very 
well with those observed in cosmic ray research. It is pre-
dicted that in the future, with more powerful accelerators, 
most all types of mesons will be produced in abundance, and 
thereby more accurate and detailed investigations can be 
ca rried out. X-Rays have been used as the bombarding particles 
against carbon and glass as targets, and have also produced 
Pi mesons of both charges. 
The theory of mesons is very limited. Up to a certain 
extent, a successful analogy between electromagnetic phenomena 
and nuclear phenomena may be carried out, but this analogy is, 
very limited. In such an analogy the meson's characteristics I 
in nuclear phenomena is compared with t hat of the photon in I 
electronic phenomena, and it is seen that, at least classically, 
i 
there is a good correspondence. However, a clear notion of 
electronic force fields is known, and such is not the case with 
~ 
! 
self ene rgy in meson interactions has to consider both trans-
lational and rotational motion since the interactions are spin I 
nuclear fields. Also, much work with electrons assumes self 
energy is composed of only translational motion, while the 
dependent. If a scalar field is used, this spin dependence 
~. 
can not be accounted for, and the calculati ons can not be 
carried out relativistically. The assumption of a pseudo-
scalar field allows the consideration of spin dependence, but 
reciprocal powers in the expression of the potential energy 
make the expression indefinable . as the distances proceed to 
the zero limit. Methods of subtracting out these infinities 
have been tried by mixing fields, but as yet no satisfactory 
method has been forthcoming. If the nuclear distances are 
cut off the potential is defined, but rel.:i:'tivistic require-
menta can not be met under these conditions. Both experi-
mental evidence and relativistic quantum methods will have to 
be improved before any satisfactory theory can be attained. 
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